Variation in the environment can induce different patterns of genetic and phenotypic differentiation among populations. Both neutral processes and selection can influence phenotypic differentiation. Altitudinal phenotypic variation is of particular interest in disentangling the interplay between neutral processes and selection in the dynamics of local adaptation processes but remains little explored. We conducted a common garden experiment to study the phenotypic divergence in larval life-history traits among nine populations of the common toad (Bufo bufo) along an altitudinal gradient in France. We further used correlation among population pairwise estimates of quantitative trait (Q ST ) and neutral genetic divergence (F ST from neutral microsatellite markers), as well as altitudinal difference, to estimate the relative role of divergent selection and neutral genetic processes in phenotypic divergence. We provided evidence for a neutral genetic differentiation resulting from both isolation by distance and difference in altitude. We found evidence for phenotypic divergence along the altitudinal gradient (faster development, lower growth rate and smaller metamorphic size). The correlation between pairwise Q ST s-F ST s and altitude differences suggested that this phenotypic differentiation was most likely driven by altitude-mediated selection rather than by neutral genetic processes. Moreover, we found different divergence patterns for larval traits, suggesting that different selective agents may act on these traits and/or selection on one trait may constrain the evolution on another through genetic correlation. Our study highlighted the need to design more integrative studies on the common toad to unravel the underlying processes of phenotypic divergence and its selective agents in the context of environmental clines.
INTRODUCTION
Spatial heterogeneity of environment induces adaptive divergence when each local population can evolve traits that provide a better fitness under local environmental conditions (Kawecki and Ebert, 2004) . Local adaptation is expected when spatial variation in natural selection is strong enough to eliminate the deleterious alleles from populations over evolutionary time and to cause advantageous alleles in a given environment to increase (Kawecki and Ebert, 2004) . Neutral processes, especially gene flow and genetic drift, can also influence phenotypic differentiation in space (for example, Lande, 1992) . Genetic drift drives random loss and fixation of alleles and causes random phenotypic variation among populations that may be confounded with adaptive divergence (Whitlock et al., 2000) . Gene flow among populations can influence genetic and phenotypic divergence in different ways (see recent reviews: Orsini et al., 2013; Sexton et al., 2013) . Gene flow has often been considered a random and constraining force to local selection because strong gene flow has a homogenizing effect among populations that limits neutral genetic and quantitative differentiation, and thus hinders local adaptation by swamping locally beneficial genes (Lenormand, 2002; Räsänen and Hendry, 2008) . However, gene flow can also alleviate the negative effects of genetic drift and provide genetic variation for selection to act upon (Garant et al., 2007) . Gene flow is reduced when geographic distance increases between populations because of limitations on organism dispersal. This results in a classic pattern of isolation by distance (IBD) determined by a positive correlation between genetic differentiation among populations and geographic distances (Wright, 1943) . Alternatively, when local selection occurs in natural habitats, the resulting adaptive divergence can promote barriers to gene flow between populations from ecologically divergent habitats and result in a positive correlation between adaptive phenotypic and neutral genetic population divergence (isolation by adaptation, IBA; Nosil et al., 2005) . Subsequently, IBA may generate asymmetric gene flow among environments because of selection against immigrants or nonrandom gene flow, leading to a positive relationship between environmental differences and population differentiation (isolation by environment pattern, IBE; for example, Nosil et al., 2005; Crispo et al., 2006; Räsänen and Hendry, 2008; Lee and Mitchell-Olds, 2011) . The gene flow-(genetic drift)-selection balance can therefore lead to different patterns of genetic and phenotypic differentiation across the mosaic of habitats within the range of species distribution (Gould and Johnston, 1972; Storz, 2002; Vasemagi, 2006) . In this context, comparisons of population differentiation at quantitative traits (Q ST ) to differentiation at neutral genetic markers (F ST ) are particularly useful to disentangle the relative roles of selection, genetic drift and gene flow (Merilä and Crnokrak, 2001; McKay and Latta, 2002; Leinonen et al., 2008; Whitlock, 2008) .
Environmental gradients occurring from small to large geographical scales provide opportunities to study local adaption processes in a range of gene flow intensity. In the absence of gene flow (that is, populations are geographically isolated along a gradient), phenotypic divergence can result from adaptation to varying selection; however, a non-negligible proportion of this phenotypic variation may also be an outcome of neutral evolution because of IBD among populations along the gradient (Vasemagi, 2006) . In the face of gene flow (small spatial scale), the phenotypic divergence observed along the gradient can result from both selection (when strong enough to counter the homogenizing effect of gene flow) and/or nonrandom gene flow because of IBA (Richter-Boix et al., 2010 . Many studies show phenotypic divergence among populations along environmental gradients (for example, latitudinal gradient: Palo et al., 2003 , Antoniazza et al., 2010 ; environmental stress gradient: Räsänen et al., 2003; Gomez-Mestre and Tejedo, 2004; Hangartner et al., 2011) . When conducted as common garden or transplant experiments, these studies provide evidence for a genetic basis for quantitative trait differentiation among populations (Connover and Schultz, 1995) . However, few studies have attempted to determine the relative contributions of different processes that contribute to genetic and phenotypic divergence along environmental gradients (but see Antoniazza et al., 2010; Hangartner et al., 2012; Muir et al., 2014) .
Altitudinal gradients are especially interesting because environmental transitions occur at a small spatial scale, which limits the confounding effects such as distinct regional evolutionary histories (Keller et al., 2013) . Moreover, altitudinal gradients provide an opportunity to investigate how adaptive divergence is possible in the face of gene flow (strong selection and/or nonrandom dispersal) when species dispersal distance is close to the environmental transition scale (Keller et al., 2013) . Many studies on plants have shown differences in growth form or leaf morphology associated with the environmental variability along altitudinal gradients (reviewed in Körner, 2003) . There have been fewer studies focused on environmental variability in animals, particularly on vertebrates, but the available data show that significant genetic and phenotypic differences among populations are common and taxonomically widespread, involving traits such as growth and development rates, mass, length or longevity (for a recent review, see Keller et al., 2013) . Although some studies on plants have conducted Q ST -F ST comparisons on populations along altitudinal gradients (for example, Scheepens et al., 2010; Alberto et al., 2011) , they are surprisingly rare and it is difficult to see a clear pattern.
Many amphibians have wide altitudinal distribution range and some studies provide evidence of phenotypic differences along altitudinal gradients (review in Miaud and Merilä, 2001; Morrison and Hero, 2003) . Delayed age at maturity at high altitude is common in most species (for example, Oromi et al., 2012) and often associated with a subsequent increase in longevity (for example, Miaud et al., 1999) . The intraspecific variation of body size along altitudinal gradients seems to differ among species (Morrison and Hero, 2003; Cvetković et al., 2009) . Growth and development rates seem to follow a countergradient pattern (that is, individuals from colder environments grow or develop more slowly in situ, but are able to grow or develop more rapidly than conspecifics from warmer parts of the range when compared in a common garden setting; Conover and Schultz, 1995 , Ficetola and De Bernardi, 2005 , 2006 Marquis and Miaud, 2008 ) but exceptions exist (for example, Sommer and Pearman, 2003) and explicit tests of local adaptation are lacking ( (Berven, 1982a,b) but see Muir et al., 2014) .
The aims of our study were (i) to provide evidence for phenotypic variation and its genetic basis in the common toad Bufo bufo along an altitudinal gradient in France and (ii) to estimate the relative importance of divergent natural selection and neutral genetic processes in trait divergence. The common toad is one of the most widely distributed and abundant anuran species of Europe (Sillero et al., 2014) , but there is only one study that has documented the age and growth patterns of adult individuals occurring along an altitudinal gradient (Hemelaar, 1988) . We conducted a common garden experiment to compare the quantitative trait differentiation (larval period, metamorphic mass and growth rate) among altitudinal regions (low, medium and high altitudes) and among nine local populations. We performed correlations between population pairwise Q ST s (larval life-history traits), F ST s (microsatellite markers), geographic distance and difference in altitude to estimate the relative importance of divergent selection and neutral genetic processes in phenotypic divergence. The difference in altitude between pairwise populations was considered a substitute for a score of environmental variables changing with altitude, most notably season length and temperature (for example, Monty and Mahy, 2009; Scheepens et al., 2010) . First, we predicted strong phenotypic divergence among altitudinal regions and particularly faster developmental and growth rates corresponding with increasing altitude (countergradient pattern hypothesis). As fast development in amphibians is usually associated with reduced size at metamorphosis (for example, Wilbur and Collins, 1973; Newman, 1992; Laurila et al., 2002) , we expected to find a negative relationship between mass at metamorphosis and altitude. Second, we expected that correlations between Q ST -F ST and difference in altitude (after accounting for geographic distance) should be nonsignificant if phenotypic divergence differentiation is only because of neutral processes, or positive if altitude-mediated selection is driving phenotypic divergence.
MATERIALS AND METHODS

Study species and populations
The common toad B. bufo is a widespread species in Europe, which breeds in a great diversity of wetlands (Loman and Lardner, 2006) and is highly tolerant to various aquatic conditions. This species breeds over a few day period (that is, explosive breeder). The usual altitudinal range for breeding in France is 0-2000 m but some breeding of common toad has been occasionally observed at 2500 m (Sillero et al., 2014) .
Nine populations were used in this study and were situated at different altitudes from low (o1000 m, four populations, L1-L4) to medium (1000-1500 m, two populations, M1 and M2) and high altitude (41500 m, three populations, H1-H3) in South-Eastern France (Table 1; Figure 1 ). The resulting altitudinal gradient was located across several mountains. All our study populations breed in large permanent ponds (max deptho2 m) close to a forested area. The onset of the breeding season between the low-and high-altitude populations differs by ca. 60 days (Table 1) .
Microsatellite genotyping and population structure analyses
To investigate molecular genetic variation of the study populations, we collected 20-28 adults per population (for sample size and sex ratio, see Table 1 ), except in high-altitude H1 and H2 populations where we sampled clutches because no adults were found. For each collected adult, we performed buccal swabs (method according to Pidancier et al., 2003 and Broquet et al., 2007) . For the high-altitude H1 and H2 populations, one larva per clutch from 8 to 10 clutches was randomly collected for further genetic analysis. The individuals were genotyped at nine polymorphic microsatellite loci (Bbufm11, Bbufm13, Bbufm15, Bbufm24, Bbufm39, Bbufm47, Bbufm54, Bbufm62 and Bbufm65) according to Brede et al. (2001) . Genotyping results were controlled et al., 2004) . No evidence for such errors was detected but both Bbufm11 and Bbufm62 markers were subsequently removed from the data set because of deviation from Hardy-Weinberg equilibrium in all populations and linkage disequilibrium with other loci, respectively. Expected and observed heterozygosity, allelic richness, tests for linkage disequilibrium between pairs of loci, and departures from Hardy-Weinberg at all loci were computed in FSTAT 2.9.3 (Goudet, 2001) . To estimate neutral genetic differentiation, global and pairwise F ST s were estimated according to Weir and Cockerham's (1984) . This method is appropriate for pairwise Q ST -F ST comparisons, because variance among groups is calculated in the same way as for Q ST (Whitlock, 2008) . In addition, we estimated the differentiation statistic D EST between populations (Jost, 2008 ) and Slatkin's R ST (Slatkin, 1995) in response to recent concerns raised about the reliability of F ST in highly polymorphic systems (Jost, 2008; Ryman and Leimar, 2009) . In contrast to F ST , D EST partitions total genetic variance into statistically independent within-and between-population components and thereby guards against deflated differentiation measures that can arise in measures such as to F ST if withinpopulation exceeds between-population genetic diversity (Jost, 2008) . R ST accounts for microsatellite mutation pattern and is better suited than F ST when mutation is important relative to migration (Slatkin, 1995; Balloux and Goudet, 2002) . We tested whether F ST and D EST values deviated significantly from zero by bootstrapping with 1500 permutations and with Bonferroni corrections. To test for a geographic structure of IBD, we analyzed the relationship between the neutral genetic differentiation (F ST , D EST or R ST ) and the logarithm of geographic distance between populations. Significance of the regression was tested by a nonparametric, permutation-based, Mantel test, running 10 000 bootstrap iterations. D EST and R ST estimates were computed in DEMEtics R-package (Gerlach et al., 2010) and GENEPOP version 4.0.6 (Rousset, 2008) , respectively. All other analyses were conducted in FSTAT 2.9.3 (Goudet, 2001 ).
Common garden experiment
We conducted a common garden experiment on tadpoles to measure the larval phenotypic divergence along the altitudinal gradient and to calculate Q ST estimates. To generate experimental tadpoles, we collected adults (adults previously used for genetic sampling) from each population at the onset of the breeding season, formed pairs, and left them to mate for up to 24 h in a climate chamber (17 1C) at Lyon1 University, France. Pairs were held in transparent tanks (17.5 Â 33 Â 18.5 cm) filled with dechlorinated, aged tap water and vegetation. In addition, we measured the snout-vent length and body mass of females in the four low-altitude populations to investigate maternal effects. We were able to generate 10 clutches per population, except in the high-altitude H1 and H2 populations where we sampled 1-2 days old clutches because no adults were found allowing to limit the environmental effects on embryonic development and the subsequent carry-over effects. Owing to the large difference in the onset of breeding period among populations (Table 1) When tadpoles reached Gosner stage 25 (complete gill absorption and initiation of independent feeding, Gosner, 1960 ; day 0 of the experiment), three were randomly selected from each clutch for each population and transferred to individual Nunc 75 cm 2 -Easy Flasks (250 ml, NUNC A/S, Roskilde, Denmark) containing tap water, to allow them to develop. The tadpoles were fed ad libitum (that is, uneaten food left after each feeding) every 2 days with mixed spinach. Water was completely changed every fourth day before feeding.
Starting from 20 days from the initiation of the experiment, the containers were checked at least twice a day for metamorph detection. At metamorphosis (defined as the emergence of the first forelimb: Gosner stage 42), the individuals were removed from the containers and weighed to the nearest 0.1 mg with an electronic balance (mass at metamorphosis). Length of larval period was defined as days elapsed from the start of the experiment (day 0) to metamorphosis. Average individual growth rate (mg day À1 ) was defined as the ratio of mass at metamorphosis/larval period.
Statistical and quantitative genetic analyses
The effect of altitude of populations on larval life-history traits (larval period, metamorphic mass and growth rate) was analyzed using linear mixed models with restricted maximum likelihood estimation and Kenward and Roger's approximation for degrees of freedom (Pinheiro and Bates, 2000) . In these analyses, altitudinal region (low, medium and high altitude) was included as a fixed factor, population (nested within altitudinal region) and clutch (nested within population and altitudinal region) were considered as random effects. Differences among groups were analyzed using the contrast method.
The relative importance of neutral processes and natural selection on the evolution of life-history traits in populations located along the altitudinal gradient was evaluated by comparing population differentiation at quantitative traits (Q ST ) and neutral genetic markers (F ST ). F ST is a metric of population differentiation at neutral genetic markers (Weir and Cockerham, 1984) and Q ST is its analog of genetic differentiation at quantitative traits (Wright, 1951; Spitze, 1993; Whitlock, 2008 regions harboring the quantitative trait loci underlying the phenotypic trait and the nearby regions, while neutral processes have an equal effect all over the genome. If selection causes divergent evolution of phenotypes among populations, because selection is exerted on either quantitative traits measured or on genetically correlated traits, phenotypic differentiation is expected to exceed neutral differentiation (that is, Q ST 4F ST ). A lack of significant differences (that is, Q ST ¼ F ST ) means that the relative effects of neutral processes and selection on population differentiation cannot be separated, and lower divergence (that is, Q ST oF ST ) is evidence for stabilizing selection (for example, Raymond and Rousset, 1995; Merilä and Crnokrak, 2001 ). The population structure for phenotypic traits was estimated as (Spitze, 1993; O'Hara and Merilä, 2005) :
, where V b is the between population genetic variance and V w the within-population genetic variance. The variance components were calculated for each trait by conducting mixed model analyses separately for each population pair. In these models, population and clutch (nested within population) were included as random factors; the random clutch factor was allowed to account for relatedness of individuals within clutches. V b was obtained directly from the estimated variance component for the population effect (between populations) and the within-population variance (V w ) was estimated using the among family variance component (V f ) and multiplied by 2 (V w ¼ 2 V f ) as we used a full-sibling design (Roff, 1997) . When a population pairwise was not statistically significant (V b ¼ 0), the Q ST estimate was considered as null. When the random effect of clutch was not significant (V w ¼ 0), the Q ST estimate was considered as equal to 1. The environmental source of phenotypic variance that can bias Q ST estimates was excluded because our data were obtained from a common garden experiment (Pujol et al., 2008) . A potential limitation in our study was that it used only full-sib data from F1 offspring and the Q ST estimates were broad sense estimates of genetic variance and may therefore be influenced by non additive genetic and maternal sources of variance (Lynch and Walsh, 1998; Whitlock, 1999; Merilä and Crnokrak, 2001; Goudet and Buchi, 2006 ). All mixed model analyses were done in JMP 7.0 (SAS Institute, Cary, NC, USA).
First, we tested the null hypothesis that there was no difference between the Q ST for each trait and the Q ST expected for a neutrally evolving trait using the approach of Whitlock and Guillaume (2009) . This approach considers that the proper null hypothesis to test is to compare the estimated Q ST with the distribution of possible values of Q ST expected under neutrality. We estimated the predicted sample variance for Q ST of a neutral trait by simulating it with information on F ST (using neutral markers) and the within-population additive variance for the trait analyzed. Using the R-script provided by Richter-Boix et al. (2013) and developed by Lind et al. (2011) , we tested whether the (Q ST -F ST ) of each trait differed from the neutral expectations. To estimate significance, we calculated the expected among-population variance component for a neutral trait using the observed values of F ST and the withinpopulation variance (see Equation (4) in Lind et al., 2011) . Q ST of a neutral trait was estimated using the measured within-population variation and the expected among-population variation. The difference between both statistics (Q ST -F ST ) was simulated 50 000 times to create a distribution of neutral trait to compare the observed Q ST -F ST. Giving that F ST using neutral markers should be similar to Q ST for a neutral trait, Q ST -F ST can be used as a test statistic, where the observed Q ST -F ST difference is compared with the 95% distribution of the simulated (Q ST -F ST ) values (Lind et al., 2011; Richter-Boix et al., 2013) .
Second, we used the approach by Antoniazza et al. (2010) and Hangartner et al. (2012) , where pairwise estimates of F ST and Q ST are correlated with geographic distance and environmental differences (altitude) between-population pairs. This approach is based on Mantel tests and partial Mantel tests, which allow analyses of association patterns between distance matrices (Castellano and Balletto, 2002) . The first step determines if neutral genetic differentiation explains divergence in quantitative traits by examining correlations between pairwise F ST s and Q ST s. The second step estimates the effect of environmental differences (here difference in altitude) on phenotypic differentiation by analyzing the correlations between pairwise Q ST s with the matrix of difference in altitude. The final step tests if phenotypic divergence is more likely driven by divergent selection or neutral processes in correlating the matrix of pairwise differences between Q ST and F ST (Q ST -F ST ) with the matrix of environmental differences (Antoniazza et al., 2010; Hangartner et al., 2012) . Q ST and F ST are supposed to be identical under the null hypothesis of absence of divergent selection on phenotype. This method removes the neutral genetic component from the phenotypic differentiation and to test if correlation between phenotypic differentiation (accounting for neutral genetic divergence) and environmental distance remains. When the two matrices are uncorrelated, phenotypic differentiation is only due to neutral processes. In contrast, a positive correlation between them would strongly indicate that selection by an environmental factor is driving phenotypic divergence (Antoniazza et al., 2010; Hangartner et al., 2012) . This approach provides a robust test of gradually varying selection because comparing pairwise F ST and Q ST with environmental differences does not depend on the absolute values of phenotypic and genetic divergence but on the slopes of the respective regressions (Antoniazza et al., 2010) . All Mantel tests were performed separately for the three phenotypic traits using 10 000 permutations in the FSTAT 2.9.3 program (Goudet, 2001 ).
In addition, we performed spatial autocorrelation analyses through nondirectional Mantel correlograms to determine at which altitude difference the quantitative traits were significantly similar or dissimilar between-population pairs . This method computes an appropriate resemblance matrix among populations on the basis of the quantitative trait data (here phenotypic differentiation accounting for neutral genetic divergence, Q ST -F ST ), and for each class of difference in altitude. This matrix was compared using simple Mantel tests with 10 000 permutations to a model 
RESULTS
Neutral genetic differentiation
A total of 188 individuals from nine populations were genotyped at seven microsatellite loci (two markers of the initial set of nine microsatellites were rejected). Levels of expected heterozygosity within populations ranged from 0.75 to 0.81 and allelic richness from 5.34 to 6.82 (Table 1 ). Gene diversity (P ¼ 0.26) and allelic richness (P ¼ 0.60) were all similar among altitudinal regions (Table 1 ). The overall F ST was 0.046 (95% CI ¼ 0.035-0.062; Po0.001) and revealed significant genetic differentiation among the nine populations. The F ST s for each altitudinal region were all similar (low: Table S1) , and were significantly different from 0 except for 7 out of 36 populations pairs (Supplementary Table S1 ). (Whitlock, 2008) .
Divergence in larval life-history traits
The length of larval period differed with the altitudinal regions (Table 2; Figure 2a ). The larvae from medium and high altitudinal populations had similar lengths of larval period (contrast method, t 5.26 ¼ À1.79, P ¼ 0.13) and had about 15% (ca. 4 days) shorter larval periods than those from the low-altitude populations (contrast method, medium altitude: t 5.27 ¼ 9.13, Po0.001; high altitude: t 5.54 ¼ 8.11, Po0.001). Within altitudinal regions, the local populations had similar lengths of larval period (Table 2; Figure 2b) .
The mass at metamorphosis significantly decreased according to altitude (Table 2; Figure 2a ). The tadpoles from the low-altitude populations were 14% and 33% heavier than the tadpoles from medium-and high-altitude populations, respectively (contrast method, medium altitude: t 5.79 ¼ 4.85, P ¼ 0.003; high altitude: t 5.89 ¼ 13.06, Po0.001). The medium-altitude populations had 22% heavier tadpoles than those from high-altitude populations (contrast method, t 5.81 ¼ 6.37, Po0.001). Within altitudinal regions, there was no difference in mass at metamorphosis among local populations (Table 2; Figure 2b ).
There was a significant variation in growth rate among the altitudinal regions (Table 2; Figure 2a ). Although the populations from high altitude had a lower growth rate relative to mediumaltitude populations (contrast method, t 5.28 ¼ 12.50, Po0.001), the latter had a similar growth rate to the low-altitude populations (contrast method, t 5.23 ¼ À0.42, P ¼ 0.76). The growth rate did not vary among local populations within altitudinal regions (Table 2; Figure 2b ).
Comparisons of neutral genetic and quantitative trait differentiation
The overall differentiation among populations was higher for quantitative traits than for neutral markers. Divergence in the three larval life-history traits was about 15 times higher for larval period (Q ST ¼ 0.69, P(Q ST 4F ST )o0.001; Figure 3 (Table 3) and were marginally correlated with pairwise Q ST s for metamorphic mass and growth rate (Table 3) . Adaptive divergence of the common toad in altitude E Luquet et al
The linear regressions of pairwise Q ST s for all traits against pairwise difference in altitude between populations revealed a strong differentiation in quantitative traits along the altitudinal gradient (Figure 4 ; Table 3 ).
Phenotypic differentiation after accounting for neutral genetic divergence
For all larval traits, the Q ST -F ST matrix was more strongly correlated with difference in altitude than with geographic distances, suggesting that the altitudinal effect on larval trait differentiation holds when eliminating the baseline level of differentiation resulting from historical and demographic factors (Table 4) .
The Mantel correlograms showed the correlations of the Q ST -F ST matrix with altitude difference classes and revealed significant phenotypic similarity (r40) and dissimilarity (ro0) according to the difference in altitude between populations ( Figure 5 ). For larval period and metamorphic mass, the correlograms showed significant phenotypic similarity when the difference in altitude among populations is o200m, no significant correlations between ca 400 and 900 m, and significant phenotypic dissimilarity when the altitude differs by ca. 1000 m among populations ( Figure 5 ). The growth rate was significantly similar among populations localized o100 m of difference in altitude apart and significantly dissimilar among populations that differ by ca. 900 m in altitude ( Figure 5 ).
DISCUSSION
Clinal phenotypic variation is of particular interest in disentangling the interplay between neutral processes and selection in the dynamics of local adaptation processes. We provided evidence for (i) both IBD and altitude structuring neutral genetic differentiation, (ii) strong phenotypic divergence among altitudinal regions of B. bufo populations in a common-garden setting, suggesting a genetic basis for phenotypic differentiation and (iii) altitude-mediated divergent selection driving this divergence in life-history traits.
Evidence for adaptive divergence In our study, divergence in F ST s was weak, but showed both significant IBD patterns and differentiation according to altitude, indicating that neutral genetic processes can drive divergence among populations. We found further a positive relationship between F ST s and altitudinal difference after accounting for geographical distance. The same relationships were consistently found using the other indices of genetic differentiation (Jost's D EST and Slatkin's R ST ). This finding that neutral differentiation depends on environmental differences is in agreement with the IBE pattern (that is, heterogeneous gene flow among environments; Sacks et al., 2008; Méndez et al., 2010) . However, it seems difficult to disentangle this pattern from IBD in our system. Although some populations not sampled along the altitudinal gradient could allow stepwise genetic exchange, most geographical distances among altitudinal regions were higher than individual dispersal capacity of common toad (maximum dispersal distance estimated is 3-4 km; Smith and Green, 2005) and could limit the gene flow along the altitudinal gradient. Both IBD and IBE patterns are likely involved in structuring the neutral genetic differentiation among populations along altitudinal gradient.
Q ST -F ST comparisons provide a powerful means for inferring the relative role of divergent selection and neutral process in phenotypic diversification (Whitlock, 2008) , particularly when environmental differences and geographic distance are positively correlated. A potential limitation of our study is that we cannot totally discard that broad sense Q ST estimates (full-sibling families) are not biased by maternal or nonadditive effects. Although the maternal effects seem relatively weak (no relationship between female body size and larval life-history traits; Supplementary Figure S3 ; Supplementary Table S2) , other sources of maternal effects are possible and are not accounted for here (for example, Laugen et al., 2002) . However, we can consider that our Q ST estimates for larval traits are likely conservative because the nonadditive effects do not seem to introduce strong bias to Q ST -F ST comparisons (Whitlock, 2008) .
Q ST -F ST comparisons showed a higher degree of population differentiation for all quantitative traits as compared with neutral marker loci. Our study further showed that quantitative trait divergence along the altitudinal gradient is more strongly correlated with differences in altitude than with neutral genetic divergence, meaning that the altitudinal effect on larval trait differentiation holds when eliminating the baseline level of differentiation resulting from neutral processes. These several lines of evidence demonstrate that altitude-mediated selection has a major role in phenotypic Matrix 1 is the dependent variable (Q ST ), whereas matrices 2 and 3 are the independent variables (difference in altitude and geographic distance). P-value o0.05 are indicated in bold font.
differentiation in this system and corroborate amphibian quantitative genetic studies showing significant additive genetic variance components and heritabilities in length of larval period and size at metamorphosis (for example, Berven and Gill, 1983; Berven, 1987; Travis et al., 1987; Newman, 1988; Blouin, 1992; Semlitsh, 1993; Laurila et al., 2002) . Incorporating measurements of environmental variation into Q ST -F ST comparisons (genotype-by-environment interactions) could improve our inferential power about the agents of natural selection in this system (Hangartner et al., 2012) . This adaptive divergence may have generated selection on both divergent habitat preference and/or reproductive timing that can lead to IBE patterns observed in our study (Rundle and Nosil, 2005) . Theoretical studies have indeed shown that IBE can result from strong selection in the whole or in large parts of the genome, especially when assortative mating mechanisms occur (mate choice, differences in reproductive timing or habitat choice; Thibert-Plante and Hendry, 2009 , 2011 . In addition to geographical distance, such a divergence in habitat preference and reproductive timing may in turn constrain the gene flow among populations along the gradient and contribute to the maintenance of local adaptation (IBA; Nosil et al., 2005) . This should result in a positive correlation between adaptive phenotypic and neutral genetic population divergence. We found only marginal correlations between quantitative and neutral differentiation for mass and growth rate and a nonsignificant relationship for development rate. Although these results seem consistent with the IBA process, the relative importance of IBD and IBA cannot be evaluated in our biological system because the selection gradient is uni-dimensional and all these factors act in the same direction. Moreover, altitude difference between populations is a rough proxy of environmental difference along altitudinal gradient because it captures both ecological and space variation. In the case of common toads, the breeding habitat choice in altitude could be limited because lowland ponds probably are beyond the migration distance. A powerful approach to disentangle these processes is to investigate this correlation at a local scale where the selective agent is not correlated with geographic distances, preventing IBD within the area (Richter-Boix et al., 2013) .
Local adaptation to altitude
Local adaptation is expected to arise because of fitness trade-offs among contrasting environments. In particular, growth and development of tadpoles are limited by time constraints imposed by habitat duration, seasonality or other climatic factors (Wilbur and Collins, 1973; Rowe and Ludwig, 1991; Laurila et al., 2002) . We show a strong divergence in larval life-history traits along the altitudinal gradient and provide evidence that an altitude-mediated selection was driving this phenotypic variation. Tadpoles from medium-and high-altitude populations developed faster (shorter larval period) but grew slower (in high altitude) and metamorphosed at a smaller size in common garden. The higher development rate counteracts the effects of colder temperatures and shorter growth season in altitude (that is, genetic and environmental influences on phenotypes oppose one another). Selection for fast-developing genotypes in altitude increases the probability that metamorphosis is reached before the environmental conditions deteriorate. We noted that the length of larval period was similar in medium and high altitude (altitude difference of ca. 900 m). This result could mean that the strength of divergent selection may not be different enough between medium and high altitudes to drive differentiation in development rate or that there are constraints for the maximum development rate (Porcher et al., 2004; Hangartner et al., 2012; Muir et al., 2014) . The autocorrelogram shows that a significant differentiation in larval period should indeed occur in our system when the difference in altitude is at least 1000 m. Such a countergradient variation pattern has been already demonstrated in various organisms, including amphibians, especially along latitudinal gradient (review in Conover et al., 2009 ). However, some amphibian studies have provided evidence also for a countergradient variation in growth rate (for example, Berven and Gill, 1983; Laurila, 2005, 2009; Laurila et al., 2008; Orizaola et al., 2010; Muir et al., 2014) , which is not the case in our study. The growth rate was slower only in high altitude and metamorphic mass was gradually reduced with increasing altitude. These different patterns of phenotypic variation between larval growth and development along the altitudinal gradient can arise because both selection from different sources acts on these traits and/or a trade-off occurs between larval period length and metamorphic size. Indeed, we show that differentiation in development rate occurred between low and medium/ high altitude, while the growth rate differentiation arose from high altitude. This suggests that selection contribution to these traits acts at different spatial scales, perhaps because of different selective agents. Our study does not determine the specific selective agents contributing to these divergences. However, we can suggest that divergence in larval period duration is most closely related to seasonal factors constraining the time of development, while a putative selective agent on growth rate may be predation (possibly in combination with other pond characteristics). Increased predation risk of fast-growing phenotypes is considered as a major cost of fast growth (Dmitriew, 2011) and has been demonstrated in anuran populations: high activity level of fast-growing individuals exposes them to predation (Laurila et al., 2006 (Laurila et al., , 2008 . Hangartner et al. (2012) found evidence in R. arvalis populations, located along both acidification and latitudinal gradients, that growth rate was positively related to predator densities, while larval period was negatively related to latitude. Future work is essential to track the detailed selective agents involved in the process of local adaptation to B. bufo in altitude (investigation of the genotype-by-environment interactions in Q ST -F ST comparisons). In addition, we show that fast-developing genotypes reached smaller size at metamorphosis. Although we cannot totally exclude the possibility that maternal effects drive size at metamorphosis in altitude, it seems unlikely because larger individuals are usually observed in altitudes (for B. bufo : Hemelaar, 1988; Miaud and Merilä, 2001; Morrisson and Hero, 2003) that should instead lead to larger offspring and no further maternal effects have been detected in low-altitude populations (Supplementary Figure S1 ; Supplementary Table S2) . Smaller sizes of fast-developing genotypes instead suggests a negative genetic correlation between these traits, and then a fitness cost to develop faster because large size at metamorphosis generally confers higher fitness through improved juvenile survival (for example, Berven, 1990; Goater, 1994; Altwegg and Reyer, 2003 ) and higher adult reproductive success (for example, Scott, 1994; Altwegg and Reyer, 2003) . Although this trade-off can arise from a selection against fast development in altitude, it may also contribute to the growth rate divergence along altitudinal gradient. The altitude-mediated divergent selection on development rate can indirectly drive differentiation in metamorphic mass through this trade-off. In this study, we cannot disentangle whether the growth rate divergence along altitudinal gradient results from selection against fast-growing individuals in altitude or an indirect effect via the trade-off between larval period and metamorphic size. It is likely that both these processes may simultaneously occur in our system and need to be unraveled in future studies.
CONCLUSION
Our study showed that IBD and IBE may likely act in concert to structure neutral genetic differentiation among populations along an altitudinal gradient. We found evidence for phenotypic divergence along the altitudinal gradient (faster development, lower growth rate and smaller metamorphic size). Correlations between pairwise Q ST s and F ST s suggested that this phenotypic differentiation was most likely driven by divergent natural selection rather than by neutral genetic processes. The different divergence patterns of larval traits along altitudinal gradient indicates that different selective agents may act on these traits and/or selection on a trait may constraint the evolution on another through genetic correlation. These processes have yet to be unraveled in the context of altitudinal gradients. Finally, our study highlights how organisms locally adapt their timing of critical lifehistory stages to seasonal variation using an environmental gradient, which is becoming urgent in the context of climate change. However, the genetic basis underlying such adaptations is still relatively unknown. With the advent of molecular techniques, a future path of research will tracking down life-history trait evolution to the molecular level, while investigating the genetic basis of adaptation to seasonal variation and how natural selection shapes these adaptive genetic traits.
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